A B S T R A C T An immunoadsorption technique employing a rabbit antiserum specific for human serum prealbumin has been devised to remove thyroxine (T4)-binding prealbumin (TBPA) from serum completely without affecting the T4 -binding activity of thyroxine-binding globulin (TBG) or the concentration of the other major proteins in serum. As judged from the proportion of T4 associated with the antigen-antibody precipitate, only about 15% of the endogenous T4 is bound by TBPA, a value considerably less than that indicated by electrophoretic methods. As judged from the increase in the proportion of free T4 that followed immunoadsorption of TBPA, TBPA does act as one determinant of the proportion of free T4 but is far less important than TBG in this respect. A decrease in the T4-binding capacity of TBPA cannot solely account for the increase in the proportion of free T4 in the sera of ill patients, since a comparable increase does not occur in normal sera after complete removal of TBPA. From data obtained in normal and abnormal sera before and after immunoadsorption of TBPA, estimates of the equilibrium constants for the interactions between T4 and its binding proteins, as they exist in serum, have been derived.
A B S T R A C T An immunoadsorption technique employing a rabbit antiserum specific for human serum prealbumin has been devised to remove thyroxine (T4)-binding prealbumin (TBPA) from serum completely without affecting the T4 -binding activity of thyroxine-binding globulin (TBG) or the concentration of the other major proteins in serum. As judged from the proportion of T4 associated with the antigen-antibody precipitate, only about 15% of the endogenous T4 is bound by TBPA, a value considerably less than that indicated by electrophoretic methods. As judged from the increase in the proportion of free T4 that followed immunoadsorption of TBPA, TBPA does act as one determinant of the proportion of free T4 but is far less important than TBG in this respect. A decrease in the T4-binding capacity of TBPA cannot solely account for the increase in the proportion of free T4 in the sera of ill patients, since a comparable increase does not occur in normal sera after complete removal of TBPA. From data obtained in normal and abnormal sera before and after immunoadsorption of TBPA, estimates of the equilibrium constants for the interactions between T4 and its binding proteins, as they exist in serum, have been derived. The values obtained were: KALB, 6 .2 X 105; KTBPA, 2.3 X 108; and KTBG, 1.7 X 1010.
INTRODUCTION
The existence of L-thyroxine (T4)-binding prealbumin (TBPA) as a normal constituent of human serum has been satisfactorily demonstrated both by a variety of electrophoretic techniques and by its isolation from human serum (1) (2) (3) . Nevertheless, the proportion of endogenous T4 in serum that is normally bound by TBPA is uncertain because this has been assessed only by electrophoretic methods, which give highly variable results depending upon the method employed. For example, of an essentially endogenous concentration of T4, about 30% migrates with TBPA in agar gel at pH 7.4 (4), 30-45% migrates with TBPA in filter paper at pH 8.6 (5), while in starch gel values which vary from 10-60% have been reported (6) (7) (8) . Furthermore, in addition to the uncertainty concerning the proportion of endogenous T4 that is bound by TBPA, the relative influence of TBPA on the proportion of free or unbound T4 in human serum is not known. In some ill patients, or after the administration to patients or the addition to serum of certain drugs, there occur a decrease in the T4-binding activity of TBPA and an increase in the proportion of free T4 (9, 10). In the sera of ill patients, a good correlation has been shown to exist between the extent of decrease in T4-binding by TBPA and the extent of increase in the proportion of free T4 (9); nevertheless, a simple cause and effect relationship cannot be assumed. Similarly, in the case of drugs, the possibility that their effect on the proportion of free T4 is partly due to an effect on other proteins has not been definitely excluded (10). Consequently, we sought a means for selectively removing TBPA from normal serum without affecting the concentration or activity of the other T4-binding proteins. We achieved this by the addition to human serum of gamma globulin derived from a rabbit antihuman prealbumin antiserum, thereby taking advantage of both the specificity of immunological interactions and the virtual inability of gamma globulin to bind T4. This technique has enabled us to study the specific contribution of TBPA to the binding of T4 in normal and abnormal human sera. aliquot for counting, the solution was dialyzed against a large volume of distilled water for 18 hr at 60C to remove iodide and other degradation products, as suggested by Schussler and Plager (12) . After dialysis, an aliquot of the solution was counted and the concentration of 'I-labeled T4 remaining was calculated. This solution was diluted with human serum albumin (1 g/100 ml) to provide the desired concentrations of 'I-labeled T4 for the experiments performed. Types of sera studied (Table I ). Blood samples were obtained from 10 subjects, two of whom (Nos. 9 and 10) were women. Of the five normal subjects, three were entirely healthy and two were awaiting surgery for peptic ulcer and cholecystitis, respectively, but were not ill. In these two, blood samples were obtained both before and for several days after surgery. Two subjects (Nos. 6 and 7) had chronic systemic disease, and one (No. 8) had acute pneumococcal pneumonia. Subject 9 had an idiopathic absence of T4 binding by T4-binding globulin (TBG) in addition to Turner's syndrome with an XO sex chromosome constitution (13) . Subject 10 was 39 wk pregnant.
METHODS
The blood samples were usually collected 34 hr after the subjects had eaten and were allowed to clot at room temperature for 1 hr. The serum was separated by centrifugation and either used immediately or stored frozen until used.
Immunoprecipitation and adsorption. In preliminary experiments, the amount of anti-prealbumin gamma globulin required to precipitate TBPA completely from normal serum was determined; this proved to be 4 mg/100
Al. The lyophilized anti-prealbumin gamma globulin was added directly to serum. The mixture was allowed to incubate for 18 hr at 60C, and the resulting immunoprecipitate was removed by centrifugation. The same concentration of lyophilized normal rabbit gamma globulin was always added to a duplicate sample of the same serum and this was treated concurrently in the same manner to serve as the "dummy" sample. In all experiments, the extent of removal of TBPA from the serum samples was assessed by electrophoresis, as described below. Assessment of the per cent of immunoprecipitable T4. In order to study the proportion of endogenous T4 that is bound by TBPA, we enriched the serum samples with an exceedingly small concentration of purified 'I-labeled T4 (approximately 40 ng/100 ml) before the addition of gamma globulin. The immunoprecipitate and, in the case of the "dummy" sample, the small amount of sediment that formed during the incubation described above were washed twice with saline. The 'I remaining with the washed immunoprecipitate and "dummy" sediment was measured and expressed as a per cent of that in the original sample of serum.
The effects of pH and temperature on the per cent of immunoprecipitable T4 were studied in two sera. Here, the pH of the sera was reduced to 7.4 from its random value of approximately 8.1 by gassing with 5%o C02, and the incubation with gamma globulin was carried out at 370C for 18 hr. Duplicate samples of the same sera whose pH had not been corrected to 7.4 were subjected concurrently to immunoprecipitation at 60C.
Experiments were conducted to assess the T4-binding activities of the immunoprecipitate and "dummy" sediment. Each was suspended in a volume of human serum albumin (3 g/100 ml) equal to that of the original sample of serum. Aliquots of each suspension were enriched with 10 and 610 /g of "I-labeled T4 per 100 ml.
These were then subjected to conventional filter paper electrophoresis, as described below.
Assessment of the per cent of free T4. The effect of immunoadsorption of TBPA on the per cent of free T4 was studied in dilute serum at pH 7.4 and 370C by means of the general equilibrium dialysis method of Oppenheimer, Squef, Surks, and Hauer (9). The supernatants obtained by removal of the immunoprecipitate or "dummy" sediment were diluted 1: 25 with Krebs-Ringer phosphate buffer (KRP) at pH 7.4 and enriched with the equivalent of 1.8-2.0 /Ag of purified 'I-labeled T4 per 100 ml of undiluted serum. A sample of the same serum that had not been exposed to gamma globulin was treated in an identical manner to serve as the control. 1 ml of each diluted sample was placed in a sac made from dialysis tubing (Union Carbide Corporation, New York, size 20) and dialyzed against 5 ml of KRP in a 25 ml Erlenmeyer flask for 20 hr at 370C. To ensure a constant pore size, the same batch of dialysis tubing was used in all experiments. After dialysis, aliquots were taken from inside and outside the dialysis sac. To these aliquots we added equal volumes of outdated serum containing carrier iodide and a pinch of propylthiouracil, and precipitated the l"I-labeled T4 with cold 20%o trichloroacetic acid (TCA). The precipitates were washed twice with cold 5%o TCA and then dissolved with 2 N NaOH to a standard volume for counting. Sufficient counts were obtained to reduce the probable counting error to a maximum of 3%o. The amount of TCA-precipitable "'I per milliliter of dialysate was expressed as a fraction of the amount of TCA-precipitable 'I in the 1 ml of dilute serum within the dialysis sac. To obtain a value for the per cent of free T4, this fraction was multiplied by 100 and divided by the dilution factor of the serum within the sac (1: 25.25) . In all experiments, the control, "dummy," and adsorbed samples were run concurrently and in duplicate.
In one experiment, the control, "dummy," and adsorbed samples of serum were diluted 1: 25 with Krebs-Ringer bicarbonate buffer (KRB), rather than with KRP, and were dialyzed against the same buffer. Here, the contents of the Erlenmeyer flasks were gassed with 5% C02 at 370C for 20 min before dialysis. Gassing of this duration was found adequate to bring the pH of KRB in a dialysis sac to 7.4, with phenol red as an indicator. For purposes of comparison, duplicate samples of the same serum were diluted with KRP and subjected concurrently to dialysis.
Filter paper electrophoresis. T4 binding in the sera, supernatants, immunoprecipitates, and sediments was assessed by filter paper electrophoresis. The T4-binding capacity of TBPA was assessed by enriching the samples with 610 Aug of "NIlabeled T4 per 100 ml (approximately 4 Ac/ml) and subjecting them to conventional electrophoresis as described previously (14), except that glycine (0.2 M)-acetate (0.13 M) buffer at pH 8.6, instead of Tris-maleate buffer, was employed. The T4-binding capacity of TBG was assessed by enriching the samples with 160 Mug of 'I-labeled T4 per 100 ml (approximately 4 Ac/ml) and subjecting them to reverse-flow electrophoresis in 0.2 M glycine4.13 M acetate buffer at pH 8.6, with the Beckman-Spinco electrophoresis cell (15) . In two sera, the distribution of an essentially endogenous concentration of T4 among the binding proteins was assessed by enriching the samples with the exceedingly small concentration of purified 'MI-labeled T4 employed for immunoprecipitation (approximately 40 ng/100 ml) and subjecting them to conventional electrophoresis. Quantitation of the distribution of all concentrations of "I-labeled T4 among the binding proteins was determined by cutting out the radioactive zones on the filter paper with the aid of radioautographs and counting them.3 In calculating the T4-binding capacities of TBG and TBPA, the endogenous T4 concentration was taken into account.
Agar gel electrophoresis and immunoelectrophoresis. These techniques were performed according to the general method of Wunderly (16) , using 0.073 M Trismaleate buffer at pH 8. 6 .
Estimation of protein concentration. The concentrations of albumin and total protein in serum were estimated by the biuret method of Gornall, Bardawill, and David (17) , using human serum mercaptalbumin as a standard.
Serum T4 concentration. The endogenous concentra3In the samples enriched with the nanogram concentration of "I-labeled T4, sufficient "'I was not present for radioautographic darkening; accordingly, the binding proteins were localized by adjacent markers of serum containing a higher concentration of "I-labeled T4. to which normal rabbit gamma globulin had been added ("dummy" sample), the binding of 131-labeled T4 at all concentrations did not differ from that in the sample to which no gamma globulin had been added (control sample). The T4-binding capacities of TBPA in these two samples were identical (238 /Lg/100 ml). By contrast, in the sample to which the anti-prealbumin gamma globulin had been added (adsorbed sample), T4 binding by TBPA could not be demonstrated at any concentration of 31JI-labeled T4, the T4 being bound almost entirely by TBG and albumin. A very small proportion (less than 1%) of the 131I-labeled T4 appeared in the beta globulin zone, probably representing T4 bound to soluble antigen-antibody complexes. None, however, was present in the gamma globulin zone, confirming that gamma globulin itself is devoid of significant T4-binding activity. The T4-binding capacity of TBG in the adsorbed sample was identical with that in the control and "dummy" samples (19 ,g/100 ml), as assessed by reverse-flow electrophoresis. Immunoelectrophoretic analysis confirmed the conclusions drawn from filter paper electrophoresis. As shown in Fig. 3 , when the antibody troughs were filled with anti-prealbumin antiserum, good precipitin arcs were seen in relation to the control and "dummy" samples, but no arc was seen in relation to the adsorbed sample. Immunoelectrophoretic analysis using rabbit total antihuman antiserum provided no evidence that immunoadsorption of TBPA was accompanied by changes in the other serum proteins. Figure 4 compares the electrophoretic migration of 131I-labeled T4 in specimens containing either the "dummy" sediment or the specific immunoprecipitate suspended in human serum albumin with that in albumin alone. In the suspension of the "dummy" sediment, all of the 131I-labeled T4 remained associated with the albumin. By contrast, in the suspension of the immunoprecipitate, much of the '31I-labeled T4 was removed from the albumin and, during electrophoresis, remained at the origin with the antibody-bound TBPA. The T4-binding capacity of the antibody-bound TBPA derived from three different sera averaged approximately 75%c of that of the TBPA in the original samples. Table II compares the value for the proportion of an exceedingly small concentration of 131IJ labeled T4 (approximately 40 ng/100 ml) that was precipitated from normal human serum by rabbit anti-prealbumin gamma globulin at pH 7.4 and 37°C with that precipitated at pH 8.1 and 6°C. In the two sera studied, the per cent of immunoprecipitable T4 was essentially the same under both conditions of pH and temperature. Consequently, all subsequent immunoprecipitation experiments were performed at 6°C in sera whose pH had not been corrected to 7.4. As shown in Table II , the values for the per cent of immunoprecipitable T4 were considerably less than those for the per cent of T4 bound by TBPA, as assessed by conventional filter paper electrophoresis of the same sera at pH 8.6 employing the same small concentration of 131I-labeled T4 (approximately 40 ng/100 ml). posure to normal rabbit gamma globulin in the "dummy" samples. Nevertheless, since the values in some "dummy" samples were slightly higher than those in the corresponding control samples, values for the per cent of free T4 in the adsorbed samples were always compared to those in the "dummy," rather than in the control, samples. After immunoadsorption of TBPA, values for the per cent of free T4 were 12-34% (mean, 22%) greater than those in the "dummy" samples. Although the values for the percent of free T4 were approximately 20%o lower in KRB than in KRP, the increase in the per cent of free T4 after immunoadsorption of TBPA was the same in the two buffers.
In the two sera obtained from subjects in the postoperative state and in two of the three sera obtained from ill subjects, in all of which T4 binding by TBPA was demonstrable but greatly decreased, values for the per cent of free T4 before immunoadsorption of TBPA exceeded those in normal sera from which TBPA had been completely removed. In the serum from the third ill subject (No. 8), the value for the per cent of free T4 was normal, although the T4-binding capacity of TBPA was greatly decreased. This serum differed from the other four sera from ill subjects in that the binding capacity of TBG was by far the highest. In all five of these sera, the increase in the per cent of free T4 after immunoadsorption of TBPA was small compared to that obtained in normal sera.
The effect of immunoadsorption of TBPA on the binding of T4 in the two sera characterized by primary alterations in T4 binding by TBG is also presented in Table I . In the serum in which T4 binding by TBG was absent but in which the binding capacity of TBPA was normal, the value for the per cent of free T4 was three times that in normal serum and increased by 132%o after immunoadsorption of TBPA. By contrast, in the serum from the pregnant subject, in which the binding capacity of TBG was greatly increased, the value for the per cent of free T4 was about one-half normal and increased by only 7%o after immunoadsorption of TBPA.
DISCUSSION
An evaluation of the precise contribution of TBPA to the over-all binding of T4 in human serum has been difficult. Electrophoretic methods which have commonly been employed to assess the apportionment of endogenous T4 among the binding proteins inevitably raise the possibility that artifacts are produced by the pH, the supporting media or buffers used, the separation of proteins from one another, or the electrical field itself. It is not surprising, therefore, that the proporton of endogenous T4 associated with TBPA, as judged from electrophoretic analyses, has varied greatly (4) (5) (6) (7) (8) was evaluated by determining the proportion of an exceedingly small concentration of tracer T4 removed from serum by the immunoprecipitation of TBPA. The validity of this approach depends upon the ability of the antibody-bound TBPA to bind T4 as strongly as does the native TBPA in the original serum. Electrophoretic analyses revealed that suspensions of the TBPA-antibody precipitate retained an average of 75% of the original binding capacity of TBPA. In all likelihood, this value represents an underestimate owing to limited access of T4 to unoccupied binding sites within the insoluble aggregated TBPA-antibody complexes. It would have been indeed surprising if the enriching T4 were to have had as ready access to binding sites within the macroscopic immunoprecipitate as it does to the protein in free solution. Nevertheless, the possibility cannot be excluded that slight loss of binding activity may have resulted from immunoprecipitation, leading to a slight underestimation of the proportion of T4 actually bound by TBPA. Even if this were true, however, the inaccuracy introduced in the calculation of the equilibrium constants for the several proteins (see below) would be negligible.
The validity of the immunoprecipitation technique for assessing T4 binding by TBPA is further supported by the results obtained in abnormal sera. In the sera from two ill subjects, in which the T4-binding capacities of TBPA were greatly decreased, values for the per cent of immunoprecipitable T4 were very low. Similarly, by virtue of its increased binding capacity, TBG in the serum from the pregnant subject should assume a much greater role than TBPA in T4 binding relative to its role in normal serum. Here, the value for the per cent of immunoprecipitable T4 was also low. Conversely, in the serum devoid of TBG, in which TBPA should assume a much greater role in T4-binding than in normal serum, the value for the per cent of immunoprecipitable T4 was very high. We would suggest, therefore, that the immunoprecipitation technique affords the most nearly reliable estimate of the proportion of endogenous T4 actually bound by TBPA in human serum. In normal serum, the value of approximately 15% is considerably less than that which has generally been accepted, and is only about one-half of that found by conventional electrophoresis of the same samples in filter paper at pH 8. 6 . Possible difficulties in electrophoretic assessment, which may lead to overestimation of T4-binding by TBPA, have been cited above.
The second aspect of T4 binding that was studied was the contribution of TBPA towards determining the proportion of free T4 in serum. For this purpose, an equilibrium dialysis method employing dilute serum was chosen. The decision to employ this method stemmed from the limited availability and high cost of the rabbit antihuman prealbumin antiserum. This dictated that TBPA be removed from only small volumes of human serum and, in turn, that dilutions thereof be employed for equilibrium dialysis. Had undiluted serum been employed, at least 25 times the volume of antiserum would have been required for each experiment. In the sera from five normal subjects, immunoadsorption of TBPA increased the per cent of free T4 by 12-34% (mean, 22%). In the five sera in which the T4-binding capacity of TBPA was greatly decreased, the increase in the per cent of free T4 after immunoadsorption of TBPA ranged between 0 and 7% (mean, 4%o). Similarly, as would be expected, only a small increase (7%o ) in the per cent of free T4 was obtained in the serum from the pregnant subject, in which the binding capacity of TBG was greatly increased. On the other hand, in the serum devoid of TBG, the greatly increased initial value for the per cent of free T4 was further increased by 132%o by immunoadsorption of TBPA. These findings in abnormal sera support the conclusion that the changes in the proportion of free T4 induced by immunoadsorption are indeed the result of removal of TBPA. This conclusion is further strengthened by the relationship, shown in Fig. 5, between (27) . Derived values in the six abnormal sera (mean, 1.5 X 1010; range, 1.2-1.9 X 1010), in which the T4-binding capacities of TBG ranged between 11 and 46 Ftg/ 100 ml, agreed closely with those obtained in the normal sera. This indicates that the alterations in the concentration of T4-binding sites on TBG, which occur in ill patients or in pregnancy, are not accompanied by changes in the specific affinity of such sites for T4.
Since the value for KTBPA was only derived from one serum (that devoid of TBG), an estimate of its reliability was sought in a comparison of the predicted and observed effects of immunoadsorption of TBPA on the per cent of free T4 in each of the 11 remaining sera. For the five normal sera, the differences between the predicted and measured values, expressed as a per cent of the latter, ranged between 2 and 13%o and averaged 6%.
For the six abnormal sera, the differences ranged between 0 and 8%o and averaged 4%. This close concordance indicates that the value for KTBPA derived from the single serum devoid of TBG can be reliably applied to the TBPA in normal sera. Moreover, it suggests that the affinity for T4 of the binding sites on TBPA in the sera of ill patients is not greatly different from normal.
From the estimates of KTBG, KTBPA, and KALB, one may predict that in normal serum approximately 75%o of the endogenous T4 is bound by TBG, 15%o by TBPA, and 10%o by albumin. The latter value is considerably less than that which would be suggested by the marked elevation of the per cent of free T4 that has been found in analbuminemic serum (28) . Therefore, a direct evaluation of the per cent of free T4 in normal serum rendered free of albumin would be of interest, and we are currently engaged in efforts to apply the immunoadsorption technique to this problem.
APPENDIX
For calculating the equilibrium constants of albumin, TBPA, and TBG, several general assumptions were made. First, it was assumed that TBG and TBPA possess only one T4-binding site per molecule; direct analysis has indicated that this is true in the case of TBPA (2) . Hence, the molar concentrations of these proteins in serum could be directly equated with their measured molar T4-binding capacities. (T4T*ALB) (T4) KALB(ALB) Here, 10 ug/liter = original endogenous T4 concentration; 0.4 = fraction of nonimmunoprecipitable T4; 19 ,ug/liter = contribution of 1311-labeled is assumed, furthermore, that the total and bound T4 concentrations are equal. Since the per cent of free T4 is less than 0.1, the error introduced by this assumption is negligible.
In the same serum before immunoadsorption of TBPA, the ratio of T4 bound by TBG to that bound by albumin was 7.5 :1. It is assumed that the residual T4 after immunoadsorption of TBPA is distributed between TBG and albumin in the same ratio. Hence, approximately 88%o would be associated with TBG and 12% with albumin. Therefore, and Therefore, 7. Squef, R., M. Martinez, and J. H. Oppenheimer. 1963 (T4) = (6.22 X 10~) x (7.25 (106.82 X 10-9) (6.22 X 10-r) X (7.25 X 10-4) + (1.57 X 1010) X (1.51 X 10-7)
= 37.86 X 10-12 mole/liter.
37.86 X 10-12 X 100 per cent free T4 = 106.82 X 10 = 0.035.
